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AIJstmcl

We have investigated some thermodynamic properties (i.e. freezing/nlcdting points) and

heterogeneous chemistry of sulfuric aci(i  monohydratc  (SAM, }ltSOqCJl~O),  using a fast flow-

rcactor coupled to a quadrupotc  mass spcctron~ctci.  “1’hc  freezing point observations show that

for sulfulic acid contents between 75 and 85 W( Y. the monohydratc crystallizes readily at

temperatures between 220 and 240 K. Once formed, SAM can be tllerl]~odyl~al]lically  stable in

the JIjO partial pressure range of (1 -4)x1 0“4 “1’orr  and in the temperature range of 220-240 K. }ior

a given } lZO par[ial pressure, SAM melts at lower tcmpcraturcs,  “J’hc reaction probability

mcasurcmcnts indicate that the hydrolysis of Nzo~ is significantly suppressed duc to the formation

of crystalline SAM: the reaction probability on water-rich SAM is on the order of 10-3 at 210 K

and dccrcascs by more than an order of magnitude for the acid-rich form. ‘1’hc hydrolysis rate of

CIONOZ  on water-rich SAM is even smaller, on the order of 10-4 at 195 K. No enhancement of

these reactions is observed in the presence of 1 ICl vapor at the stratospheric concentrations, in

addition, 131;’]’  analysis of gas-adsorption isothems  has been performed to characterize the surface

ro~]glmcss  and porositics  of the SAM substrates. “1’hc results sug~est  the possible formation of

SAM in some regions of n~id- or low Iatituc]e st] atosp]lcre  and, consequently, much slower

hcterogcncous reactions on these frozen aerosols.



It is now WC]] rccognii-,cd  that the high rates of Antarctic ozone destruction arc induced

by surface-catalyzed reactions on polar stratospheric cloud (PSC) particles [Solomon, 1988]. ‘1’hc

hctcrogctlcous  reactions of primary interest in the stratosphere arc as follows,

CIONOZ + lljO --> IIOC1 + llNOl (1)

(IONOZ -I liCl ->  Clj -I llNOj (2)

IIocl -1 11(:1 -> C12 + 1120 (3)

N,Oj -i IIZO - ) 211N0, (4)

NjO~ -+ lIC1 --> CINOZ -1 }lNOq (5)

‘1’hcsc reactions transform stable chlorine reservoir compounds into photochcmically active forms

which arc rapidly convcr(cd into the chlorine radicals (Cl and Cl O), leading to catalytic ozone

destruction, Of equal  importance to the polar stratospheric ozone  dcj~lction  is the concomitant

repartitioning of nitrogen species (NO,) from the gas phase to the corldcnscd  phase (in the form

of NOY) since they can be removed irreversibly from the stratosphere clue to gravitational

sedimentation of PSC particles, If significant }INOJ remains in the polar spring, the chlorine

radicals will be converted  back to CIONOJ by the 1-caction of C1O and NOZ produced from llNOj

photo] ysis, halting ozone depletion,

“J’hc PSC parliclcs  which act as catalysts for the heterogeneous reactions arc generally

classified as nitric acid trihydratcs  (type 1) and water-ice (type 11) [Crutz,en  and Arnold, 1986;

‘1’oon et al,, 1986], 1,aboratory  studies have demonstrated that the heterogeneous reactions proceed

readily on the proposed PSC materials [I)cMorc et al., 1992; Kolb et al,, 1994], Also, the

occurrence of hctcrogcr~cous reactions on particles in the polar regions during  winter and early

spring has been clearly seen ir) flcld obscrvatiorls,  showing chemical changes such as the increase

in C1O and concurrent decreases in I] Cl, CIC)Noz,  and oz,onc as measured fl-om inside to outside

of the chemically perturbed rcgior~s  in Antarctica and the Arctic [Anderson et al., 1991; Hrunc

et al,, 1991; Webster- et al., 1993].

Sulfate aerosols in the stratosphere have also been proposed to affect the balance of global

ozone  via hetcrogcncous  reactions analogous to those implicated in polar oz,onc loss [Ilofmann

and Solomon, 1988; IIrasscur  et al,, 1991 ; }<oclri~uez,  et al., 1991]. ‘lllc sulfate acl-osol layer,



.

which exists at latitudes between 10 and 30 km, is composed of sulfuric acid particles with a

mean diameter of about 0.1 pm and concentration from 1 to 10 Cfn-j  unctcr unperlurbated

stratospheric conditions, Major volcanic eruptions, such as that of Mt. Pinatubo,  may si~~nificantly

increase the particle size and concentration, Stcclc  and JIami]l [ 1981] first estimated the sulfate

awosol compositior)s  as a function of temperature, predicting aerosol compositions of 70-80 wt

‘Yo at mid-latitudes and of less than 50 wt ‘?40 at high ]atitudcs.  ‘1’he global  distribution and

seasonal variation of the acidity of stratospheric aerosols have been rcccntly  c.ompile(t by Yue

ct al. [ 1994], on the basis of temperature and water partial pressure data obtained by the

Stratospheric Aerosol and Gas ILxpcrimcnt  11 (SAG1l 11),

1 lowever, the detailed composition ancl phase of stratospheric sulfate aerosols have not

been firmly established, Present knowledge of phase properties and composition of these aerosols

is only inferred indirectly from flcld observations [I)ye et al., 1992; Pueschet  et al., 1992;

Browcll  et al,, 1993; Rosen et al,, 1993; Rinsland  et al., 1994]. Also, theoretical predictions of

freezing points of sulfate aerosols at stratosphere ic conditions are severely limited by the lack of

fundamental physical parameters concerning surface energies of various sulfuric acid hydrates

[Jensen et al., 1991; I.LIO  et al., 1993]. Recently, a number of studies have investigated freezing

points of liquid sulfuric. acid using bulk solutions [h4iddlebrook  et al., 1993; Ohtakc, 1993; Zhang

ct al,, 1993; Deyer et al,, 1994; So]}g, 1994]: many of the studies dealt with rather dilute sulfuric

acid, in terms of relevance to PSC formation, For cxampte,  crystalline sulfuric acid hydrates such

as tetrahydrate and }~cl~~it]exa}~yclrate  [Middlcbrook  et al., 1993; Xhang  et al., 1993] have been

proposed to form and persist in certain stratospheric regions,

IIoth the phase and composition of sulfate aerosols arc likely to affect their ability to

promote heterogeneous reactions. II] tt]~ laboratory, the reaction probabilities of reactions ] to 3

on liquid sulfuric acid have been shown to dcpcn({ strongly on the acid content: they proceed

efficiently in dilute sulfuric acid solutions at low temperatures [Mo]ina et al., 1993; IIanson and

Ravishankara, 1994; Zhang et al,, 1994a], IIcncc, these reactions occurring on stratospheric

sulfate aerosols at high latitlldcs  in winter and early spring collld provide important pathways for

chlorine activation, Outside of the polar regions, the most significant heterogeneous reaction on

the sulfate aerosols is bclicvcd  to be the hydrolysis of NZ05 (reaction 4) with the consequent

changes in the abundance of various nitrogen and chlorine species, llanson and Ravishankara
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[ 1993] have rcccntly ctctcrminccl  that the reaction probability for N,O, hydrolysis on crystalline

sulfuric acid tctl-ahyc]ratc  (SA”l’,  or a composition of 57,6 W( 0/0) is quite ciiffcrcnt  from that on

the liquid surfaces,

Apparently, in additionto  study ingchcmical  rcactivityo  fvariouss  ulfurica  cidhydrates,

laboratory investigation of conditions necessary to cause freezing of the supercooled sulfuric acid

is also needed. l;urthermorc,  experimental determination of the melting behavior of various

sulfuric acid hydrates is important to predicting their stability regions in the stratosphere.

in this work, wc investigate sulfuric acid films that simulate stratospheric sulfate aerosols,

usin~l  a flow tube coupled to a mass spcctrornctcr.  We dcscribc  frccz,ing point observations of

liquid sulfuric acid films at the stratospheric tcmpcraturcs (1 90-240 K) and water partial pressures

(1 -4x 10-4 ‘1’err), focusing on concent[atcd  sulfuric acid solutions and possible formation of sulfuric

acid monohydratc (SAM, or a composition of 84,5 wt O/O). We also report results of experiments

designed to examine melting of SAM films under stratospheric conditions. in addition, 1111’1’

analysis of gas-adsorption isotherms is performed to characterize the surface rou~hncss  and

porositics  of both SAM and SAI’ substrates, l~inal]y, reaction probabi]itics  involving N20~ and

CIONOZ with lIZO and IICI on SAM films arc measured and implications for the stratosphere arc

discussed.

Measurements of frccz,il~g/l~~eltil~g  points and reaction probabilities were performed in a

horizontally mounted flow reactor (2..8-cn~  i,d,) in co~~j unction with a mass spcctromctcr. “1’hc

detection scheme utilized  both electron impact (l;] MS) and chemical ionization (CIMS) mass

spcctromctry.  ‘1’hc majority of the data was taken Ilsing 1;1 h4S: the experimental apparatus and

proccciurcs  were ncarl y identical to tl)osc dcscribcci by us in a scj>aratc  publication [7hanf:  ct al,,

1994a]. ‘1’hc detailed description about the CIMS ap~)aratus  has been given by l.eu et al, [ 1994].

llricfly, the CIMS consisted of an ion flow tube through which a Iargc flow of helium at a

pressure of about 0.2 ‘l”orr  was maintained and whel e the ion-molcculc reactions occurred. ‘1’hc

reactant ions, 1“ 01- Slit”, were produced in the ion ftow tube by electron attachment to Cl;~l or

Sl~c. 1“ ions were used to sclcctivcly  c{ctect  NjOf and CIONOZ in the prcscncc of IINO~ since 1-
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reacts readily with N205 and CIONOZ to produce NO~” (62 amu) but not with IINO~. At very high

llNOq concentrations (> 101’ molecules cn]-3), some production of NO~- was also dctcctcd  duc

to 1 lNO~ reaction with l-. lly using the relative concentrations of 1“ and llNOq along  with the

characteristic reaction time in our system, wc estimated a rate coefficient consistent with that

suggested by Fchsenfcld  ct al. [ 1975]. SliL” reacts with N~O~, CIONOZ,  and IINOJ, yielding N03

-,

I;”* CIONOJ (1 16 amu), and N03-~llF (82 atnu). llctcction  sensitivities for these species were

approximately 107-1 O* molcculcs  cnl-3 in the neutral flow tube. l)cpcnding  on the experimental

ncccis,  onc of the reactant ions, 1 - or SlrG”, was employed,

‘J’hc flow tube was surrounded by an inncl jacket in which rcfrigcratcd methanol was

circulated. ‘1’hc outer jacket of the flow tubes was cvacuatecl to provide thermal insulation. ‘1’hrcc

movable injectors were located at the upstream end of the flow t ubc. A heated injector ( 1.O-CIN

o.d. ) was used to add IIZO (this injector was normally positioned near the upstream end to

prevent possible warming of the substrate), ‘1’hc reactants (such as C10N02 or N20~) were

intr-oduccd through a centrally-]ocatcct unjacketed injector (0,3-cn~  o.d, ), and a third injector of

similar o.d, was used to introduce other trace species such as I] Cl. All the gaseous spccics were

dclivcrcd  to the flow tube along with small IIc flows (O. 1-5.0 Ctns rnin-’ at S“l’l)) and further

diluted in the main lle flow (280 cn13 rein”’ at S-l’l>) before contacting the sulfuric acid surface.

‘1’ypic.al]y,  the flow tube was operated at a total pressure of 0.5 “]’orr and about  890 cm s-’ flow

velocity.

1,iquid IlzSOq films were prepared by totally covering the insictc walls of the flow tube

with sulfuric acid solutions. 2’1 Ic thickness of the films was estimated to be about - 0.1 mm, ‘1’o

ctctcrminc  the }1,S0,  content of the liquid films, wc used the tcmpcraturc and 11,0 partial

pressure to convert the lIJSO, wt %, according to the vapor pressure data of Xclcmik [ 1991] and

Zhang et al. [ 1 993]. I’hc error limit in estimating the lltSOd  c.ontcnt  of the films was about 1-2

wt 0/0, considering uncertainties associated with the tcmpcraturc and water vapor pressure,

Crystallization of the liquid coating can bc distinguished visually duc to its opaqueness and wcll-

dcfincd  c~ystal structures, as opposite to the liquid state indicated by the clcarncss and

transparency. A photography of the crystalline SAM film formed in the flow tube is shown in

l’igurc  1. Rough surfaces and grain boundaries arc clearly cvictcnt  in this flgurc, suggesting SAM

surface areas shouid be in g,cnera] greater than the Scomctric  area of the flow reactor, to be
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discussed Iatcr. The SAM surfaces were vcl-ificd to melt within a degree of the pure SAM

Inciting point [Gable et al,, 1 950], ‘1’hc tcmpctaturc and water partial pressure in the flow tube

jointly quantified the thermodynamic state of the SAM surfaces [Molina, 1994]: the IlzSOA-rich

and 1 lzO-rich forms could be g,cncratcd by c,ontrollillg the equilibrium 1 lZO vapor pressure

through addition or evaporation of small amounts of water at a constant tcn~pcrature  or by

controlling the temperature at a constant 1 lZO partial pressure,

Reaction probabilities (y) were calculated fronl first-order rate constants (k) corresponding

to the reactant loss or product growth:

y ‘ 2Fk/((o “1 t-k) (6)

where r is the radius of the flow tube and m is tl~c mean thermal velocity of the reactant. I’o

account for the reactant radial and axial gradients in the flow tube which arose when there was

a large reactant wall loss, the observed fllst-order rate constants (kOh,) were corrected for gas

diffusion by the method suggested by }Irown [ 1978] to obtain k, ~’he CIONOZ and N~O$ diffusion

cocfflcicnts in helium used in the l]rown calculations were 176 and 171 cn12/s  at 200 K and 1

‘1’err, both with a temperature dependency of 7’17’ [h4arrcro ancl Mason, 1972]. ‘1’hcsc corrections

were approximately 100/0 for small y values (y < 0.01 ), and as large as a factor of 4 for large ‘fs

(y> 0.2).

l’he experimental approach for studying surface rc)ug}~ness  and porositics of crystalline

SAM and SA’I’ was similar to that prcvio~ls]y  dcscrit~cd  by Gregg and Sing [ 1982] and Keyscr

and 1.CU [ 1993]. Briefly, surface area measurements cmploycd  the Ilrunauer, Iimrnett,  and Teller

(Ill i’1’) method to analyze kl-ypton (Kr) adsorption isotherms obtained at 77.2 K. 1.iquid sulfuric

acid films (57.7 and 84.5 wt  0/0 for SA’1’ and SAh4, respectively) were prepared at the bottom of

a glass adsorption cell with a geometric area of 4s cn12 and frozen at low ten)peratur-es.  ‘I”he

adsorption cell was then submerged in liquid nitl ogcn and the isotherms were determined

volumetrically by cxpandiny, Kr from a calibrated volume at room temperature.

Rc.sulh  a n d  l)iscussion
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Wc have investigated the supercooling behavior and freczinp, points of sulfuric acid films

using the flow tubchnass  spcc.tromctcr  apparatus. ‘1’hc mcasurcmcnts were carried out by slowly

coolin2  a liquic!  sulfuric acid film (with an initial 112Soq content bctwccn 60 and 85 wt 0/0) at ICSS

than 0.1 K rein-’. Upon exhibiting some crystallization, the sample was then hclct  at the constant

tcmpcraturc until completely frozen. A kcy aspect of the experiment was the maintenance of a

constant water partial pressure during frcc7in~. “1’ypically,  the crystalline growth was initially

quite pronounced and slowly propap,atcd  throughout the coating,

Figure 2 depicts tbc observed frecz,ing  tcmpcraturcs along with the J lzSOd wt YO derived

from the 11~0 partial pressure and tcmpcraturc in tbc flow tube, 3’l]c equilibrium freezing points

of sulfuric acid [Gable et al., 1950] arc plotted as the solid curves. l’hc smooth dashed curves

represent dcliqucscence  of sulfate ac]osols  at various stratospheric llzO mixing ratios [Steele and

IIamill, 1981]. Also shown in this figure as the dotted line a-b is the extension of liquidRAM

coexistence curve delineating the SAM stability rcgirne.  IJigure 2 shows that the observed

freezing tcmpcraturcs depend markedly on the } ltSOQ content, I/or acid contents bctwccn 75 and

85 wt Yo, the films froze at tcmpcraturcs between 220 and 2,S0 K; a freezing point maximum

occurred for about 85 wt 0/0 1 lzSOi. III contrast, dilute sulfuric acid supcrcoo]ed  readily. “1’he films

with acid contents between 60 and 75 wt 0/0, as labeled by the horizontal bar, did not freeze, even

after being hc]d at 190 K for hours.

III ncar]y all experiments, wc observed that, if the sulfuric acid films froze at temperature

and water partial pressures commonly found in the mid- and low latitude stratosphere, SAM was

the predominant hydrate. “1’hc identity of the frozen substrates was unambiguously confirmed by

examining the melting points of the substl-atcs,  which matched the literature value of SAM

melting point within a degree [Ciablc  et al., 1950], It is also important to note that tbc frccz,ing

process in tbc our experiments should resemble that occurring in the stratosphere. Additionally,

because equilibrium bctwccn the condcnse,d and gas phases is actively maintained for sulfate

aerosols in the stratosphere, a partially froz,cn mixture is implausible, If a portion of an 80 wt 0/0

acid aerosol drop]ct frcczcs to form SAM, for example, the remaining liquid would bccomc more

dilute. Subsequently, some of tbc water in the dlop]ct would evaporate to maintain the constant

water partial pressure, ‘1’bus, the solid part will continuously ~,row in such a manner until

crystallization is complete.



‘1’hc cxtcnsivc  supcrmoling  for 60-75 wt ?40 lIISOq is consistent with that rcportcct

pwviously [Mictctlebrook  et al., 1993; Ohtakc,  1993; 7Jlanp,  et al,, 1993; IIcycr et al., 1994; Song,

1 994], l;rcezing  points of more concentrated sulfuric. acid (> 75 wt ?’0) have been investigatcct  by

Ohtakc  [ 1992] and Song [1 994] usin~l bulk solutions. While our results arc qualitatively similar

to those by SoI]g [ 1994], who also observed a freezing  point maximum around the pure SAM

composition, this latter study yiclctcd  freezing  temperatures about 20-30 K lower than the present

values for lI$Od contents bctwccn 75 and 85 W[ O/.. ‘l’he work of Ohtakc [1992.] apparently

missed this frecz,ing point maximum, presumably clue to sparse data collected in this composition

range. ])oth these studies investigated 1 ljSOq supercooling in caped test tubes, w}~ich  may

rcprcscnt  non-equilibrium processes. in fact, SAM growth from a solution less than 84.5 wt O/.

could be hindered in rr closed system, even if nucleation has been initiated. “1’his occurs because

parlial freezing of the solution causes a shift in the acid content of the remaining liquid, leading

to a more dilute solution. As a result, further growlh of SAM can be inhibited, when evaporation

of excess IIZO is not possible. An analoguc  phenomenon has been identified by Middlebrook  et

al. [1 993] involving the freezing of SAC]”,  indicating that addition of water during cooling a }lzSOq

film more concentrated than 57.6 wt !4. promoted SA’I’ formation.

Note that, although the present supercooling cxpcrirncnts  suggest the probable freezing

behavior of stratospheric aerosols, they do not provide ctcfinitc]y quantitative information. “1’his

is a consequence of the stochastic nature of the nucleation process. lndccd,  the crystallization

observed in ouJ” experiments may bc duc to heterogeneous nucleation OJI the glass surfaces.

1 ]encc, these observations yield only upper limits to the probable freezing temperatures, since the

effects of glass surfaces and lar~c sample sizes in our experiments increase the nucleation rate.

A4clti}lg of ,VA h4

While the situation with

not bc dcflnitive,  the melting of

respect to supercooling and freezing of sulfuric acid films may

SAh4 can bc reasonably defined, “ll~is  is a process for which the

equivalent of supercooling does not take place and hence its occurrence can be predicted reliably

using laboratory results or based on thermodynamic. considerations.

‘1’he melting measurements were performed by first establishing a SAM film in the flow

9



tube. ‘J’he substrate temperature was then slowly lowered while kccpinc a constant water partial

pressure. };igure  3 displays a I’llZC) versus  1/7’ phase diagram for the }l$Oq/llzO  binary system,

‘1’hc experimental melting points obtained at different } IZO partial pressures arc plotted as open

circles. ‘1’hc stability regimes of various sulfuiic, acid hydrates arc also indicated. ~’he shaded area

refers to the tcn~pcrature  and 1 IZO partial pressure conditions likely to be found in the

stl-atosphcrc.,  ]t is evident in this figure that the melting point of the monohydrate depends

primarily on the water partial pressure. lisscntially,  a coolinc process at a constant IIZO partial

plcssure involves transformation of } lao-rich to 1 lzSOq-rich hyciratcs,  accompanied by only a

minol  change  in the bulk composition of the film, ‘l’his was accomplished by admitting a small

amount of lIJO into the system during cooling, ‘] ’he results show that the monohydratc melted

upon cooling, that is, when the equilibrium composition was outside the SAM stability region,

‘1’his implies the absence of a solid-solid phase transformation, i.e., the monohydratc did not

transform into any of higher  hydrates, but instead it melted at the temperature at which it was

in equilibrium with a liquid solution having the same IIZO partial pressure, Nucleation of both

di - and tri - hydrates of sulfuric acid has been known to be inefficient [Gable et al., 1950]. ~’hcsc

observations arc similar to tl)c mc]ting  of SA7’ d~scrjbcd  previously by Midd]cbrook  ct al, [ ] 993]

and 7,hang et al. [ 1993] and in consistent with thermodynamic considerations of phase equilibria

of the binary system [Wooldridgc  et al., 1994].

llclerogcncous  Rmcliotls

Reaction probabilities on SAh4 films were obtained from measurements of pseudo-first-

ordcr rate coefficients cormspondil)g  to the reactant loss. As a fimt approximation, the surface

area of sulfutic acid films was assumed to be the geometric area of the flow tube; potential

effects of surface roughness and porosities  on the uptake coefficients will be addressed in the

next section, “1’hc reaction probabilities were studied as a function of thermodynamic state of the

substrate, which  was adjusted  by varying the tcnlpcraturc  at a constant ))}12(}  or by varying })llzc~

at a constant temperature,

Nj05 ll~)a’ro]ysis.  IJigure 4 il]ustratcs typical behavior of the NjO~ signal as a function of it~jcctor

position on SAh4, ‘I”he experiment was performed at 210 K and at /’lljC)  = 1 xl 0-4 Torr, equivalent



to a SAM surface of the llJO-ricJ~ form. A N~O$ partial pressure of about 4X 10“7 ‘1’orr was used

in the cxpcrimcnt.  It is cvictent  that the lost rate of N)O~ follows pseudo-first-order kinetics, with

a reaction probability of 0.0026 calculated from the, rate coefficient. Also shown in this figure

for comparison is an experiment performed on a 70 wt % liquid sulfuric acid, yielding a reaction

probability of 0.11. On liquid sulfuric acid, this reaction has been shown to bc independent of

the acid content [c.g,,  I)cMorc ct al,, 1992;  Kolb ct al,, 1994]. ‘1’hc most distinctive feature in this

flg,urc is that even on the }lJO-rich SAM the obsclvcd  uptake coefficient of NzOf is about 50-fold

slowct- than that found On liquid acid. ‘1’his Iowcr reactivity of frozen sulfuric acid may bc

explained by the nature of the reaction mechanism, which has been suggested to involve

dissociation of NzO~ into NOj- and NOZ+ ions [h40zmrkcwich  and Calvert,  1988]: the occurrence

of this dissociation may bc suppressed upon frecz,ing.

l;igut-c  5 shows rcsu]ts of the uptake coefficients of N20S on SAM as a function of the

IIZO partial pressure at 210 K. In these cxpcrin~ents,  the N20~ par[ial pressure was maintained

in the range of (4-7) x10-7 “1’orr.  l“hc open and filled symbols ctcnote  the ~s measured usi~~g EJMS

and Cl MS, rcspcctivcly.  in genera], the diffcrcnccs  using these two detection schemes were

negligible within the cxpcrimcntal  uncertainty, although the uptake appeared to saturate rapidly

using 1{1 MS, owing to interference from 1 lNOl (both NZ05 and 1 INO~ were detcctccl  at n//c = 46

corresponding to the N02’ fragtncnt  ion in the I{IMS),  in the isothermal experiments, a

readjustment of the IIZO partial pressure in the flow tube was followed by a corresponding

change in the thcrn]odynamic state (or in the composition) of the SAM film, occurring mostly

on its surface layer [Molina,  1994]. Also, precautions were taken to avoid partial melting of the

substrate, which co~jld callsc a greater Llptakc coefficient due to the prcscncc  of a small amount

of liquid, It is clear in Figltrc 5 that the uptake coefficient of NzO~ on SAM exhibits a strong

dcpcndcncc  on I)lIIC,:  the value. on the 1 lzO-rich  form is about 10“3, whereas it dccrcases  by about

an orcicr of magnitude for the acid-rich form, ‘]’his appears to reflect the rcduccd  chemical

potential of 1120 in }]2S04-ricll surfaces: the tig]lt  ]]20 bonding  in the JlzSOq-ricll surfaces results

in a Icsscr efficiency for Nj05 to bc hydrolyzed. A similar behavior has also been observed for

the hydrolysis of CIONOZ on nitlic acid trihyd]atc  [Abbatt and hiolina,  1992] and on sulfuric acid

tctrahydratc [Zhang  et al., 1994b], Additional results of the NzO~ uptake coefficients on SAM arc

prcscntcd  in ‘1’able 1,



‘1’emperature  dcpendcncc  of the uptake cocffic.icnts  was evaluated by kecpinf, a constant

} 1~0 partial pressure and varying the temperature of the solid, a process also involving

transformation of 1120-rich to Jl#Od-rich  hydrates as the substrate was heated from 190 to 225

K at a 1120 partial pressut  c (- 2x 10“s l’err) in these experiments. ‘1’hese  results are given in

l?igurc 6, which plots ‘y as a function of tcmpcraturc conducted at l’~2C)~  z-(4-7)x 10-7 ‘J”orr. As

shown in this figure, there is a marked depcndcncc  of y on temperature: at highw temperature

(7’ >220 K) the reaction probability was about 10-4, whereas the value approached 0.001 at

temperatures near 200 K. Note that the 11?0 parlial pressure in these experiments was

substantially smaller than that normally found in I}IC st[atosphcrc.  ‘1’his is because SAM would

melt at much higher temperatures if higher 1’}[~(~ were applied, as discussed above.

‘1’he NZOS hydrolysis on solid SA’1’ substrates has been prcwiously  studied by I lanson  and

Ravishankara  [ 1993]. Our results on 1 llO-rich SAM arc in general comparable with the reported

values by these authors, but their measured ~s on SAI” exhibited little variation with the

thermodynamic state of the substrate (or relative humidity in their case).

CIONOj  ll~drolysis. Reaction probability measut  ements for the CIONO~  hydrolysis were

conducted in the same manner as those for the NJ05 hydrolysis, l:igurc 7 presents the CIONOl

signal as a function of injector distance fol- a SAM substrate at 210 K and a }IZO partial pressure

of 1 xl 0“4 ‘1’orr. ‘IIIe reaction probability for this experiment corresponded to a value of - 2x1 0-4.

1 ms of CIONOJ on SAM solid was in general very slow, even on the lIzO-rich form. I]encc, this

value is likely to be interpreted as the upper limit for this reaction on SAM, in addition, such a

reaction probability would be consistent with that determined on 1 lzSOd-rich SAT [}lamon and

Ravishankara, 1993; Zhang  et al., 1994b], An experiment performed on a 65 wt 0/0 liquid is also

shown in the figure for comparison, CIONOZ hydrolysis on liquid sulfuric acid has been shown

to depend on the acidic content [e.g., IlcMorc et al., 1992; Kolb ct al,, 1994; Zhang et al.,

1 994a].

C~/ONOj  md NjOj l{cm:lio}?s  will?  11(,’/. “1’he  Jeactivc  uptakes of CIONOj and NzO~ by SAM in

the presence of JICI vapor were studied by first exposing the substrate with lICI vapor at the IIC1

partial pressure range of (2-8)x1 0 -7 q’orr. With /’CION(J?  ‘r ‘JN20S  ‘t] ‘]lC  ral~~c  ‘ f  ( 2 , - 8 ) X ]  0 - 7  “ e r r  ar)d

tmnpcraturcs  bctwcm  200 and 220 K, there was no observable mhanccmcnt  in the uptake

coefficients over the corresponding hydrolysis values, nor any Clj or C1N02 production. A



consctvativc

of these two

on the SAM

1993].

upper  limit of 1 0“4 can be placed on both reactions. ‘1’he very low uptake eocfflcirmts

reactions on SAh4 are perhaps not surprising, in light of lesser availability of IICI

surfaces, which has been real imd to dcpcncl on the water activity [hlolina et al.,

111<1’  StI@w A ma Mcmt{rcm ct)ts

A current outstanding issue of heterogeneous chemistry on solid substrates concerns

surface roughness and porositics  in laboratory simulations of PSCS. “1’he  work by Keyser et al.

[1 991] and Kc.yser and l,eu [ 1993] has demonstrated that ice al~d llNO,-11,0  ice films prepared

by vapor dei>osition  can bc porous, thus affecting reaction probability measurements. “J’his effect

is most pronounced for small ~s where internal diffusion in a porous solid leads to a high

number of collisions with the surface. 1 lerc we report the first determination of surface areas and

porositics of froz,cn sulfuric acid hydrates. 1111’1’ sulfate  areas were measured on SAM and SA’I’

films formed in a mat~ncr  similar to that used to produce the substrates for the flow tube

cxperitncnts.

A typical Kr acisol-ption  isotl~crm on crystalline SAM is shown in Itigure 8 as a function

of relative pressure, l)/l’., where /)0 is the saturation vapor pressure of the adsorptive. l;igurc 8

shows that the isotherm is continuous without shalp changes below the saturation pressure; the

shape is approximately classified as type 11, which is often characterimd as monolayer adsorption

at low pressures followed by additional multi-layer adsorption with increasing pressures. ‘1’he

amount of Kr adsorbed is related to the surface area of the solid by the 11117’  equation [c. E.,

GrcgS and Sing, 1982],

/)/[ J~(/)O - /))] = 1/( J~,,,C) -1 P(C - 1 )/( V~,C/’O) (7)

where J’ is the adsorbeci volume in units of ctn~ at S’1’1’,  J~n, is the monolayer capacity, and C is

the 111!’1’ constant. }Icncc a plot of 1’/[ J~(}’O - /’)] vmus the relative pressure should bc linear. 3’he

111;’1’ plot corresponding to the data displayed in IFigu[c 8 is shown in liig, ure 9. “J’he Iinc through

the data is a linear least-squares fit at the relative pressures between 0.05 and 0.4; a surface area

of 0.0s4 11)2 g-’ was inferred from the B}i-l’ analysis for this particular case,  ‘1’hc values for the

saturation vapor pressure of Kr at liquid nitrogen tcmpc.raturc  and its molecular area used in the

13



111{’1” analysis were 1.70 ‘1’orr and 20.2 A2,

I)lCMNJ@nlClltS  ]Y3fOJ’lllCd  OJl SAM SIJbStralfX,

there is J]o appreciable correlation of the

respectively. I’ab]c 11 sunlnlari71es surface area

Several points shoulci bcnotecl in “J’ablcll.  liirst,

]1}{’1’ area with sample  weight under  idcnticai

cxpcrin~ental  conditions. Second, in onc experiment, a sample was frozen at about 230 K and

tl]cn was warmed to higher temperatures for about 30 min. No significant effect of annealing was

observed on the surface area. The measured 13 J; ’J’ surface areas for SAM films were gcneral]y

flrcater than the geometric area (4S cn12) by a factor of about 5-10, indicating that crystalline

SAh4 substrates arc moderately porous (which is also in consistent with the photography shown

in IFigurc 1). ‘J’hese values, however, arc much lower than the }11;’1’  areas of IIZO and llNOj-llzO

icc films formed by vapor deposition [Keyscr and I,eu, 1993].

}/or comparison we also performed some experiments on SAI’ substrates: IJigurc 10 shows

the adsorption isotherm for Kr on a SA’I’ film. “1’his isotherm is qualitatively similar to that for

SAM, but the smaller amount of Sas adsorbed is indicative of a lower surface area for SAT. ~’he

corl-cspondil~g  111;1’ plot is presented in F’igure 11, Results of the 111{”1’ surface area measurements

over SA’J’ films arc also listed in ‘1’able ]1. AS indicated in l’able  11, the 111; ’1’ surface areas for

SAT films are nearly identical to (or only slightly higher than) the geometric area in the

adsorption ccl], suggesting that the SA3’ film is likely composed of non-porous crystals.

Therefore, the morphology of crystalline SA’I’ appears to bc very different from that of crystalline

SAM,

I/or porous solid in general, the interaction of pore diffusion and surface reaction must bc

considered in order to extract the true reaction probability, as dcscribeci in cletail  by Kcyser ct al.

[ 1991]. “lhc present data reveal that the SAM films formed by freezing liquid sulfuric acid are

porous to some extent. I ]encc, the usc of the gcon~ctric  area, as presented in the proceeding

section, results in an experimental y which is at) upper limit to the true reaction probability.

Slr~tosplmlic  implications

‘1’hc present results show systematically that concentrated sulfuric acid (> 75 wt 0/0) frecz,cs

readily to form SAh4 under conditions cha]actcristic  of the stratosphere. liurthcrmorc, once

formed, SAM can bc thermodynamically stable in the tcmpcraturc ral~g:c of 22.0-240 K an({ in the

14



water pal-(is] pressure ral]f<c of (1 -4)x1 0“4 ‘1’oru. Note that there arc some drawbacks on

extrapolating the present frccz,ins observations to the s(ratosphcrc  bccausc  of the stochastic nature

of the nucleation process. in the stratosphere, it is likely that the nucleation of SAM may rely

on the prcscncc of freezing nuclei.

‘J’hc melting experiments predict that SAM melts at low tcmpcraturcs under stratospheric

conditions; the stability of SAM is dctcrmineci  by the tcmpcraturc  and water partial pressure.

1 lcncc,  the regions where SAM may form and persist could bc very restricted in the stratosphere,

Apparently, warmth and dryness favor the formation of SAM. At a typical stratospheric water

mixing ratio of 5 ppmv  at 100 mb (corrcspondi)lg  to 16 km), for example, the possibility of SAM

existing at tcmpcraturcs below 220 K can be eliminated. q’hcrcforc,  if formed, the mmohydrate

is most Iikcly to bc found at mid- and low latitudes, dcpcndcnt  on the temperature and water

partial pressure.

“1’hc formation of sulfuric acid monohydratc  may have important implications for the

stratospheric chctnistry.  Our reaction probability mcasurcmcnts  reveal that SAM surfaces are very

non-reactive, in particular, the }~ydrolysis  of N20~ is significantly suppressed on SAM. “l’his

reaction, onc of the important heterogeneous reactions occurring on sulfate aerosols, has been

known  to occur efficiently on liquid su]fatc aerosols, with the consequence of affecting the NO,

budget and promoting the release of active chlorine. ‘1’hc proposed SAM formation could

terminate this reaction channel.

(:011(-11

sulfur

Isions

III this paper wc have reported frccz,it~~g/~~]cltit~g  points and hcterogcncous  chemistry of

c acid monohydratc.  lly use of a fast flow reactor coupled to mass spcctromctric detection,

wc have investigated sulfuric acid f]lms that simulate stratospheric sulfate aerosols, ‘1’hc rcsu]ts

suggest the possible formation of sulfuric acid monohydratc,  and, c.onsequcntly,  very slow

hctcrogcncous reactions on SAM.

“1’hc mcasllrclllcllts  of }]}1’1’ surface areas show that SAh4 films formed by freezing liquid

solutions can bc porous as arc 11~0 or llNO~-1120 ice films formed by vapor deposition, albeit

to a lesser extent. in contrast, the 111;1’ analysis indicates that SA’J’ films are likely composed of
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non-porous crystals. ‘1’tlis findin~juslifies  earlier laboratol-y  studies in which exterior or f<eomctric

surface areas were utiliz,cci  when clcclucing Icaction p r o b a b i l i t i e s  on SArl’ [Ilanson and

Ravishankara,  1993; Zhang et al., 1994b].

‘Il~c research dcscribcd  in this papcl was performed at Ihc Jet Propulsion 1.aboratory,

California lnstitutc of ‘1’cchnology,  under a contract with the National Aeronautics and Space

Administration (NASA). Wc thank M, J. Molina,  O. B. ‘1’eon, and S, C. Wofsy for helpful

discussions and C. P. Rinsland  for sending, preprints of their work.
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l’ab]e 1. LJptakc Gmfficicnts of the 1 lyclm]ysis of N20~ on SAMa

,!1 1’,,2(, I’N205

(K) (“l”orr) (’I’err)

2.30 3.6x10 -4 4.7 X10”7

230 2.8 X10-4 S,2X10-7

230 2,17ilo”4 6,0x10-7

220 2,1 XIO”4 5.2x10-7

220 I, SXIO-4 S,3X10-7

215 1.1 XIO”4 5.6x IO”7

a l)ata obtained using ~lMS.

7.5 X10-4

S.9X10-4

5.2x IO”4

9.1 XI O-4

8.5x10-4

1.1 XI O-3



“1’able 11. 131{’1’ Sul-face Areas of crystalline IlzSOd Ilyciratcsa

f)

b

c

Substrate Wcighl

(~)

SAM 0.592.

SAM 0.40s

SAM 0.596

SAMC 0.685

SAM 1.120

SArl’ 0.188

SA”l’ 0.324

Monolaycrh

(pmolcs  g-’)

0,422

0.444

0.331

0.306

0.3s3

0.215

0.186

1]1;’1’

constant

48.8

79.3

64.8

82.2

58.7

24.6

22..8

Surface arcab

( m2  g“’)

0.051

0.054

0.040

0 . 0 3 7

0.043

av = 0.04S + 0.0073 (10)

0.026

0.023

av = 0.025:1 0.0022 (la)

Aclsorbatc  gas was Kr and the crystalline hydrates were made from freezing liquid

solutions; g,cometric  area of the sulfuric. acid films was 45 cm2,

Sulfuric acid surface area was obtained by subtractii]g the cold Pyrex surface area in the

ac{sorption  cell, - 145 cm2.

Sample was annealed to 273 K for about 30 min after freezing.
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l~igum Crtp[ions

l~igure  1. A crystalline SAM film formed in the flow tube by frcez,in~;  liquid solutions at

220 K. See text for details.

];igurc  2. lircczing  temperatures of various }ljSOd solutions studied in the flow tube/nlass

spectrometer aj>paratus.  Weight pcrccnts at the frcc7,ing  points (open tl-iang]e) were

calculated from the tctnpcraturc  and 1 lZO vapor pressure, based cm 1 lZO vapor

pressure data of the ll,SO,/llzo solutions from Zclcmik [1 991] and Zhang et al,

[ 1993]. Also shown in this figure is the freezing envelop of sulfuric. acid [Gable

et al., 1950], ‘]’hc horizontal bar denotes the composition range over which the

films were held at temperatures below 190 K without freezing. The dotted line a-b

corresponds to the extension of the coexistence line between liquid and SAM. ‘1’he

smooth dashed curves rcprcscnt  equilibrium sulfuric acid compositions of

stratospheric aerosols at lIjO mixinp,  ratios of 5.0, 3.0, and 1.5 ppmv at 100 mb

(corresponding to about 16 km).

];igurc  3. Observed melting temperatures (open circles) of sulfuric acid monohyclratc  (SAM)

plotted in a 1’112(,  versus 1000/7’  phase diagram [Yzlemik,  1991; Zhang et al.,

1993],  ‘1’hc shaded area cortesponc{s  to temperature and lIZO partial pressure

conditions likely to be found in the mid- and low latitude stratosi>herc. ‘1’hc dotted

line a-b is as in IFigurc 2, ‘l’he data show that SAM can bc t}~crl~lodyr~a~l~ically

stable in the temperature range of 220-240 K and in the water partial pressure

range of (1 -4)x1 0-4 ‘1’orr anti that SAh4 melts when the temperature and

equilibrium lIZO vapor pressure arc outside of its stability regime.

l{igure 4. NzO~ signals as a function of il~jcctor  position for an experiment performed on a

SAM film at 210 K and 1’,,2[, L lx] 0-4 ‘1’orr (solid line, solid circles). Also shown

for comparison is an experiment on a 70 wt ?40 11ZS04 liquid film at 218 K (dashed

line, open ci rclcs), Doth cxpcri,mcnts were carried out using ~lMS. llxpcrimcntal

conditions: /’~2c)~ z 4x1 0-7 ‘1’err, /’1,, = 0.4 “1’err, and flow velocity = 1800 cm S-l.

l:igure 5. Reaction probability of NtO~ with IIJO as a function of /’lljc,  on SAM surfaces at

210 K. 3’hc open and filled symbols refer to measurements usins  IIIMS and



l;igurc  7.

J:igurc 8.

liigure 9.

Figure 10.

]iigurc  11.

OMS, rcspcctivcly.  lkperimcnial  conditions: )’~zof = (4-7)x1 0-7 ‘1’err, }’]1, = 0.4 to

0.5 ‘]’err, flow velocity = 810 to 1800 cm S-l, and 7’ = 210 K,

Reaction probability of Nlos with 1120 as a function of temperature on SAM

surfaces. ‘1’hc open and filled symbols refer to measurements using 113MS  and

~lMS,  respectively. llxpcrimcntal  conditions: )’~lo~  = (4-7)x 10-7 “l’oI-r, 1’11, = 0.4 to

0.5 “1’err, vdocity  = 810 to 1800 cm S-l, and }’IIZC)  = 2X10-S ‘1’orr.

~lONOz signals as a function of injector position for experiments performed on

a SAM film at 210 K and ))IIZCJ = 1X10”4 ‘1’orr (solid line, filled circles) and on a

65 wt ‘A liquid lI$OA film at 212 K. IIoth experiments were carried out using

~lMS.  llxperimental  conclitions:  l)clo~C)2 = 4x1 0“7 l’err, 1’11, = 0.4 Torr, and flOW

velocity = 1800 CITI S“’.

Adsorption isotherm of Kr on 0.405 g of crystalline SAM (84.5 wt %) at 77.5 K.

J]li’1’ plot of P/V(Po - /’) against 1’/1’0 for the data displayed in Figure 8.

Adsorption isotherm of Kr on 0.188 g of crystalline SA3’ (57.6 wt %) at 77.5 K.

Same as Figure 9 except for the data displayed in l;igure  10.
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